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11 Program Summary

The DARPA SAM project was a comprehensive program to develop bulk amorphous alloys. The
program was very successful, and, in addition to developing new glass forming alloys and new
theories of liquids, produced 119 papers in peer review journals, 177 conference presentations,
one patent, and graduated seven students with Ph.D. degrees, and one M.S. degree.

The program may be divided into several components: alloy development, mechanical
characterization, and theory. The alloy development segment included modeling of phase
diagrams to predict glass forming compositions, computer simulation of flow to develop
advanced forming methods, rheology measurement, and thorough characterization of the all
program alloys through high-energy x-ray analysis. The mechanical characterization program
consisted of studies of fracture, fatigue and determination of the appropriate flow laws (e.g.,
Mohr-Coulomb vs. von Mises), development of constitutive laws, and shear band formation.
The third focus, computer simulation, covered length scales from molecular dynamics and first
principle quantum mechanics through finite element analysis to describe shear band fbrmation
under high strain rate loading.

Several new glass-forming alloy systems were developed, including new Cu-based, Ni-based,
and Ti-Zr-based Alloy Classes with "cm" casting thickness and a monolithic Ni-Pt-base bmg
with Kic = 85 MPa-m/ 2 , These systems include Ni-Nb-Ta-Sn glasses with 3mm critical casting
thickness, Ni-Ti-Zr-Al ductile glasses with 6mm critical casting thickness, new ductile Cu-
based alloys with 15mm critical casting thickness, and new Hf-Zr-Co-Al glasses with 12mm
critical casting thickness and density of 11 grams/cm 3. Lightweight amorphous alloys consisted
of new Ti-based composites with densities of 4.5-5 g/cm 3, strength exceeding 2 GPa, 2-cm
casting thickness, high toughness and excellent ductility, and ductile magnesium alloys with 2-
mm casting thickness. We also synthesized lightweight BMG foams and cellular structures with
novel properties.

Fundamental theory and computational models for rheological and mechanical behavior were
established and validated. We have characterized the flow vs. temperature, strain rate, and
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loading conditions, and developed empirical flow laws which accurately describe flow and
deformation. These flow laws were incorporated into process models (Flow 3D, Femlab and
Moldflow) and mechanical FEA models were developed to describe deformation of foams,
plates in bending, and high strain-rate deformation. The theory is presently being used to
predict, model and design practical materials for engineering performance.

Major effort has focused on developing first thermodynamic descriptions of the 5 constituent
quaternaries and then the quinary Al-Cu-Ni-Ti-Zr system. Preliminary results show alloys
predicted by the model do indeed form bulk glasses. Thermodynamic descriptions of the
constituent quatemaries of the six-component Al-Cu-Ni-Ti-Zr-Si system and then the description
of this six-component system are being developed.

A new microscopic theory of glasses and liquids was developed based on models of the
potential energy landscape of a glass. This theory is based on empirical data, results of MD
simulations, and analytic methods. The theory can predict thermal properties, liquid theology,
and mechanical properties such as strength, toughness and ductility. This is a fundamental
contribution to the broader science of glasses.

A technical foundation for thermoplastic processing and manufacturing of bulk metallic glasses
has been established. This includes an engineering database for thermal, physical, rheological
and mechanical properties of bulk metallic glass materials.

Two techniques for fabricating metallic glass foams have been developed, suitable for
production of amorphous foams with both open- and closed-cell architectures. Fully amorphous
closed-cell foams utilizing microsphere infiltration have been made, with glass volume fractions
approaching 50% and densities of approximately 3.4 g/cm3 . In the second and more recent
method, the molten alloy is infiltrated into a pattern of sintered salt particles, which are
afterwards dissolved away, leaving an open-celled metallic foam network (very different from
the closed-cell foam of the first method). These methods are uniquely adapted to commercially-
viable amorphous metals like Vit106, giving very different structures with potentially widely-
varying applications.

The properties of amorphous matrix composites have been examined, and effects fatigue, impact
and environment has been characterized. The key parameters controlling toughness and ductility
have been identified, and ductility enhancement and toughening strategies have been developed.
The mechanical behavior of BMG matrix composites reinforced with dendritic precipitates that
form in situ during processing has been studied extensively, using neutron diffraction and
mechanical methods. A new self-consistent model to describe the in-situ deformation of the
composite has been developed.

Mechanical characterization of BMG includes high strain-rate properties, fatigue and fracture,
and deformation mechanisms. Ravichandran research group developed novel techniques for
investigation of mechanical behavior including the dynamic indentation technique, establishing a
systematic methodology for extracting rate sensitivity and pressure sensitivity of materials
including structural amorphous alloys over a wide range of strain rates, developing a technique
for studying the response of structural amorphous alloys and composites under predominantly
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shear conditions using a shear compression specimen and developing analytical model for
optimal size and volume fraction of ductile phase for maximizing toughening in ductile
amorphous alloy composites.

Theroretical estimates of void nucleation in shear bands has been modeled. The excess free
volume in a shear band results in excess free energy relative to a relaxed glass with less free
volume. This excess free energy can be correlated with a free volume chemical potential that
provides a driving force for void nucleation. The results indicate that any free volume generated
in the shear band during deformation is unstable, with the consequence that voids are predicted
to form spontaneously from the coalescence of free volume. These voids are then expected to
coarsen. This may explain the common observation that failure under uniaxial tension occurs as
the result of the propagation of a single shear band, whereas multiple shear bands can form under
uniaxial compression without causing failure.

Recent reports have indicated that shear bands can be activated during nanoindentation. The
hardness is almost independent of strain rate over this range of strain rates. However, the
discrete displacement bursts evident on the loading curves are more prominent at the lowest
strain rate and are suppressed at the highest strain rate. The suppression of discrete displacement
bursts at the highest strain rates is thought to be caused by the overlapping of shear band events
in the fast indentation process. Our results also indicate that strain bursts are suppressed by
hydrogen charging, suggesting that hydrogen may be removing some of the free volume from the
glass.

The thickness dependence of yielding and fracture of metallic glass plates subjected to bending
in terms of the shear band processes responsible for these properties has been studied. Shear
band spacing (and length) scales with the thickness of the plate deformed in bending because of
strain relaxation in the vicinity of the shear band at the surface. The shear displacements in the
shear band also scale with the shear band length and plate thickness, thus causing cracks to be
initiated in thicker plates at smaller bending strains. This leads to fracture bending strains that
decrease markedly with increasing plate thickness, consistent with recent experiments

Effects of atomic-scale open-volume regions on the flow and fracture behavior of a Zr-Ti-Ni-Cu-
Be bulk metallic glass were examined. Relaxation time scales for viscous flow, plane strain
fracture toughness and fatigue crack-growth rates were all significantly affected by changes of
the open-volume regions brought about by annealing.

We have been studying the effects of sub-Tg temperature below the glass transition temperature
(Tg) on the fatigue propagation behavior of a Zr-based bulk metallic glass. An unexpected
finding of the study was the formation of elongated ridges perpendicular to the crack front that
were produced in the near-threshold regime during elevated temperature testing. Such features
have not been previously reported for BMGs. A new mechanism has been proposed to explain
this, associated with the out-of-plane stability of a planar crack. The model was used to predict
ridge shapes, as well as the trends in ridge wavelength as a function of both applied stress
intensity and temperature.
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We have characterized and modeled the effects of a number of environments on deformation,
fracture resistance and subcritical-crack growth behavior in BMG's and their composites. We
have shown that hydrogen significantly increases the glass transition and crystallization
temperatures of monolithic BMG's. Fracture toughness is degraded; however, fatigue crack-
growth rates were significantly retarded with hydrogen charging.

The work at CWRU has focused on determining the flow, fracture, and fatigue behavior of BMG
and composites using novel experimental and processing techniques. The flow behavior is being
detennined by using novel high pressure testing equipment whereby specimens may be tested in
either tension or compression in the presence of a constant confining pressure. Initial work
with Vitreloy 1 revealed only a small pressure dependence to the flow/fracture, but fracture
angles divergent from 45 degrees. Subsequent work has been performed on a variety of other
Zr-based and Hf-based bulk glasses to determine the generality of these observations, Similar
behavior has been exhibited in four different bulk glasses and the results have been analyzed
using a Mohr-Couloumb flow/fracture criterion. The magnitude of the friction coefficient has
been found to be very small (i.e. .70.03 - 0.04), well below that exhibited by granular solids,
geologic materials, and amorphous polymers.

Fracture tests were conducted in loading conditions to determine the sensitivity of bmg alloys
The Mode I, and Mixed Mode I/Il fracture tests were done to determine, under a variety of
different loading modes, the effects of such changes to the magnitude of the fracture toughness.
In the Mode I experiments, changes to the notch radius from fatigue precracked to bluntly
notched produced tremendous increases to the toughness, well beyond that exhibited by typical
structural materials tested under identical conditions. Complementary experiments conducted on
Mixed Mode I/Il have revealed that small amounts of mixed mode loading produce very large
increases to the toughness, well beyond that typically exhibited by conventional structural
materials._Mode II fracture toughness of bulk metallic glasses examined crack tip shear banding
behavior and fracture mechanisms associated with mode II loading. The heat generated in a
shear band during Mode II fracture has been modeled and the results account for the extent of
heat generation and its possible effects on local glass viscosity.

One of the key components of DARPA SAM project is to develop and apply first principles
based predictive modeling and simulation approaches to design amorphous metals with desired
properties. A multiscale hierarchical approach which start from quantum mechanics level and
based on these results develop successively coarser models with increasing length and time
scales of the models studied.

We have performed extensive quantum mechanical studies on pure metals and ordered inter-
metallic alloys in order to determine the correct interaction force fields for metals: Al, Zr, Ti, Cu,
Ni. Using these first principles data we have derived Sutton-Chen (power law) and RGL
(exponentials) for many body force fields for metals and alloys. Using these potentials we have
studied: glass forming ability, the size ratio effect in binary and ternary alloys, binding strength
effect on glass forming ability, phase transformation and melting behavior of binary, ternary and
quaternary systems and their phase behavior, the structure and thermodynamics of binary and
ternary systems, non equilibrium molecular dynamics studies on pressure dependence of
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viscosity of metals and alloys, and glass formation in VITRELOY class alloys and the structure
ofVIT1, VIT101, VIT106 from molecular dynamics.

Simulations of theoretical strength of several binary metallic glass systems,
CuZr, NiZr, and FeB, has been completed. Amorphous metals yield with varying yield

strengths, depending on the loading condition, sample geometry and mostly whether or not there
are surface flaws. These results indicate that plastic deformation in metallic glass is strongly
influenced by surface and boundary conditions and by size

A FEA shearband model has been developed and validatged. We can now match all constitutive
data and obtain strong localization in agreement with experimental observation. An important
new feature of the strain-localization elements is the variational optimization of the thickness,
previously assumed to be constant. The metallic glass model and the strain-localization element
have been integrated into the ARES finite element dynamic code to evaluate the performance of
BMG penetrators through simulation.
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